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Abstract

In this program, smooth bar fatigue tests were conducted by several laboratories on the
same lot of Ti-6Al-4V forged plate material. Multiple stress ratios and stress levels were tested
to generate a fully populated stress-life curve. The tests, however, did not typically consist of
many repeats. The approach of this work is to conduct a statistically significant number of
repeated fatigue tests at a few loading conditions. A similar approach has been performed on
several other turbine engine material systems often revealing a bimodal life distribution
consisting of a number of low life specimens that may fail due to a separate mechanism. This
paper will discuss the Ti-6Al1-4V life distributions and sources of variability. Crack propagation
using small crack growth data is used to predict the low life failures. Methods of modeling and
predicting the life distributions will be discussed and demonstrated.
Keywords

Fatigue Nucleation, Fatigue Crack Growth, Life Variability, Ti-6Al-4V, Small Crack
Growth

1. Introduction

The current life management approach for maintaining most of the aerospace components
in the U.S. Air Force is based on two specifications known as the Engine Structural Integrity
Program (ENSIP) [1] and the Aircraft Structural Integrity Program (ASIP) [2]. These
specifications, which are based on traditional views of statistical behavior of materials, are often
very conservative, resulting in significant sustainment costs. Hence, the Air Force is pursuing
the prognosis approach [3], which is based on the development and integration of new
capabilities for real-time state awareness, physics-based damage and failure modeling, and
autonomic reasoning. Reliable prognosis of a component depends on basic understanding and
modeling of the sources of uncertainty in material behavior under service loading conditions.
Physics-based probabilistic material models are, therefore, essential for accurately predicting
fatigue life and the associated uncertainty. Since these models are based on observed damage
mechanisms, prediction of the design fatigue life limit, e.g. 1 in 1000 probability of failure, can
be expected to be more accurate than statistical estimations based on data. Recent examples of
physics-based probabilistic fatigue life prediction models include approaches proposed by
Magnusen et al. [4], Chan et al. [5], Tryon et al. [6], Laz et al. [7], and Jha et al. [8-9]. Based on
extensive characterization of the fatigue behavior, Jha et al. [8-9] also showed that the fatigue
life distribution on a cumulative distribution function (CDF) plot exhibited a dual failure mode
(bi-modal distribution) at some stress levels, i.e. a single CDF could not describe all the data.
Limited [10] fatigue data available for alpha+beta processed Ti-6Al-4V does not exhibit the dual
mode CDF observed by Jha et al. [8-9]. In addition, the effectiveness of the probabilistic fatigue
life models for Ti-6Al-4V [5,6] to accurately capture the limiting life (lower end of the range of
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life at a given loading condition) and actual trend in the CDF have not been demonstrated due to
lack of significant data. Hence, a study was initiated to conduct a detailed investigation of
variability in fatigue life of alpha+beta processed Ti-6Al-4V. This paper will discuss the
observed fatigue lifetime variability, crack initiation and growth during these tests, effect of
surface finish on the lifetime distribution and the application of a small-crack-growth-based
model to predict the limiting fatigue life of Ti-6Al-4V.

2. Experimental Procedures

The material used in this study was Ti-6Al1-4V from the United States Air Force High
Cycle Fatigue (HCF) program [10]. The material was forged into plates. The
material was a+f3 forged then solution treated and overaged at 932°C for 75 min, fan cooled, and
mill annealed at 704°C for 2 h. The resulting microstructure was approximately 60% primary o
and 40% transformed 3. The elastic modulus was 116 GPa and the 0.2 % offset yield stress was
930 MPa. The ultimate tensile strength was 980 MPa. Cyclic-stress-strain curves were generated
under the HCF program [10] from the results of multiple strain controlled low cycle fatigue
(LCF) tests. The material was shown to cyclically soften and the cyclic yield stress was
approximately 750 MPa.

Round bar fatigue specimens were machined from the Ti-6Al-4V forged plate as shown
in Fig. 1. The gauge section diameter is 4.27 mm and the gauge length is 12.7 mm. The material
was finished using low stress grinding (LSG) followed by longitudinal polish. LSG is specified
such that a shallow compressive residual stress remains on the machined surface, and the final
surface finish was specified as an R, of 0.2 um. The second surface finish was chosen to remove
residual stresses and further improve surface roughness and eliminate scratches. The specimens
were first stress-relief annealed (SRA) in vacuum at 704°C for 1 hour. Next, they were
electropolished resulting in approximately 50 um of material removal. The final surface finish
had an Ra of approximately 0.05 um. In the HCF program, the baseline fatigue test surface
condition was LSG plus chemical milling to remove approximately 50 um of material from the
surface with the intent of removing surface residual stresses and marks due to machining. This
chemical milling process was different from the electropolish process and this will need to be
considered when comparing fatigue data in this study to prior work.
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Figure 1: Drawing of the test specimen used in the project.

Testing was conducted on an MTS servo-hydraulic test machine. All testing was under
constant amplitude load control with a stress ratio, R, of 0.1. The objective of this research was
to determine the level of scatter in fatigue at several load conditions, therefore, stresses were
chosen that would result in lives on the order of ten-thousand to ten-million cycles. Maximum
stresses of 635 and 675 MPa were applied. Additionally, surface replicas were taken
periodically on several of the specimens tested at both stresses. Four acetate tape replicas were
taken at each increment of cycling; one on the front of the specimen, one on the back, and a
repeat of each. The chosen increments of cycles were 5000 and 7500 cycles for 675 MPa and
635 MPa respectively at which time the test was stopped at a hold load of 60% of maximum.
The replicas were taken blindly, that is they were not searched for cracks until after the specimen
failed. At that time, the primary crack was easily found on the final set of replicas and tracked
backwards on the earlier replicas.



3. Analytical Methods

The replica measurements were used to generate surface crack length, c, versus cycles, N,
data so that the surface crack growth rate, dc/dN could be calculated. Here, C is half the total
surface length of the crack. A 3 point sliding quadratic fit was used to smooth the ¢ versus N
data and to aid in the calculation of the derivative. A sliding quadratic fit using n = 7 points is
common in crack growth test data reduction, however, this method of data reduction results in
n — 1 fewer dc/dN points than the number of measurements. There are often very few replica
crack measurements so N = 3 was chosen to minimize the amount of data lost during data
reduction. The sliding quadratic fit used to calculate crack growth rates is further described in
ASTM Standard E647 [11].

Analysis of the replica crack measurements collected from this research required some
inference of the crack shape in the round bar. The crack shape was required in order to calculate
the stress-intensity factor range, AK, to accompany the crack growth rate data, dc/dN. Two
example crack shape assumptions are drawn in Fig. 2. Here, the dashed line represents the shape
of a crack assumed in the numerical calculations of K made by Raju and Newman [12]. In this
case the ratio of crack depth to half surface length, a/c, was equal to 1. Raju and Newman made
no assumption about what the crack shape should be, but calculated K for cracks with a/c = 0.6,
0.8, and 1. The crack front was chosen to be elliptical in shape and the intersection of the crack
front with the circular bar was constrained as perpendicular. The semi-major axis, semi-minor
axis, and the center of the ellipse that formed this crack front were chosen to meet the crack size,
shape, and intersection constraints given. The second crack shape drawn in Fig. 2 was take the
work of Forman and Shivakumar [13]. This crack front shape was assumed circular and was
also perpendicular to the surface of the round bar. This placed the center of the circle that
formed the crack front outside the round bar and thus the radius of the crack front, r, was greater
than the crack depth, a. This results in crack shape a/c = 1 as a/D approaches 0, and a/c
decreases with increasing a/D to approximately a/c = 0.7 at a/D = 0.4. Here, D is the diameter of
the round bar specimen. This assumption for crack shape was chosen by Forman because it
appeared to be a lower bound conservative assumption. The data presented by Forman from the
literature for Ti, however, showed that crack shapes for tension fatigue tests ranged from 0.92 to
1.0 regardless of crack depth.
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Figure 2: Drawing of two crack shape assumptions considered in the crack growth analysis
[12,13].

The K analysis presented in this work was performed using the solutions published by
Raju and Newman for a/c = 1.0 [12]. The primary emphasis of the fracture mechanics analysis
was on short cracks with a/D close to zero in which case the crack shape assumptions of Forman
and Shivakumar are also near a/c = 1. Short crack growth data from cracks measured using
replicas were reduced using a/c = 1, and, likewise, all crack growth predictions were made
assuming a/c = 1. Crack growth was calculated by integrating the da/dN versus AK curve using
the Euler method with a constant percent increment of crack growth for an assumed initial crack
size and applied stress. The crack growth curve was fit from available data in the section below.
The Raju and Newman K solutions had the form of Equations 1. Here S is the applied stress, a is
the crack depth, Q is the square of the complete elliptic integral of the second kind and is a
function of a/c, and F is the boundary correction factor and is a function of &/D and a/c. F was
solved numerically using finite element analysis, but the solutions only extend down to a/D =
0.05. This was a concern since much of the crack growth in the specimens occurred at a/D <
0.05, therefore, the solutions for F were fit to a polynomial and extrapolated to a/D = 0.

K=S5; /n%F (1)
4. Results and Discussion

Repeat fatigue testing was conducted at R = 0.1 with 2 maximum stress levels (635 MPa
and 675 MPa) and 2 surface conditions. The two surface conditions considered were LSG and
stress-relief annealed (SRA) followed by electropolishing. Both conditions are described above.
The results of in-depth residual stress measurements are plotted in Fig. 3. X-ray diffraction with
a spot size of 1 mm was used to measure the residual stresses at several depths into the surface of
the gauge section of the specimens. Layer removal was accomplished by electropolishing a
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small region of the specimen. The residual stress results were corrected for stress gradient and
layer removal effects [14]. The results show that the LSG surface had shallow compressive
residual stresses, as expected, with a magnitude of 200-250 MPa at the surface. These stresses,
however, quickly died out within 20 um into the material. The residual stress on the SRA and
electropolished samples appears to be nearly eliminated at the surface, however, it is slightly
compressive (100 MPa) around 10 um deep. The expected residual stress value at 30-80 um into
the material should be very near 0, however, all 3 measurements show approximately 40 MPa
compressive residual stress. This has been a common observance in this Ti-6Al-4V material and
it is hypothesized that this is a measurement phenomenon tied to the microstructure of the
material. In any case, this small residual stress does not significantly influence the analysis or
conclusions from this data.
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Figure 3: In-depth residual stress measurements in the axial direction of the specimens.

The test results from this study were plotted on a stress-life (S-N) diagram in Fig. 4. Also
plotted were all of the HCF program S-N data at R = 0.1 with the baseline surface condition.
Again, the surface condition in the HCF program was LSG plus chemical milling removal of 50
pm from the surface of the specimens. It appears that the mean and median behavior of the SRA
and electropolish data from this study generally agrees with the HCF program data at both the
635 MPa and 675 MPa stress levels. There is a larger range of behavior in the 17 electropolished
data at 675 MPa (65,000 to 554,000 cycles) than in the HCF program data near 675 MPa,
however, this may simply be due to the much larger set of data in the current work. Only 3-4
tests per stress were conducted in the HCF program near that stress level which is not enough
data to describe a statistical distribution of failures at that stress. It is impossible to know what
range of behavior the HCF program data might have displayed with more testing. At 635 MPa
the range in both the electropolished and HCF program data are fairly similar; however, this



doesn’t necessarily signify that their distributions are the same. Unfortunately HCF program
testing was not conducted at exactly 635 MPa, but testing at 620 and 655 MPa collectively had a
smaller range in behavior. The standard deviation of the log;o(Ns) for the HCF program data was
0.40 and 0.34 log units for 620 and 655 MPa, respectively, while the standard deviation for the
SRA and electropolished surface condition was a little higher at 0.45 log units. This could
indicate that the electropolished surface condition results in more scatter, but a two sample
statistical test for variance shows that this difference is not significant. The standard deviation of
the log o(Ny) at 675 MPa was 0.29 log units for electropolished data compared to 0.11 log units
at 689 MPa in the HCF program data. Again, this difference is insignificant since there were
only 3 tests in the HCF program data. The difference in the standard deviation of the
electropolished data at 635 MPa (0.45 log units) and 675 MPa (0.29 log units) was found to be
statistically significant with a p value of 0.1. This shows that the scatter in the fatigue behavior
is significantly smaller at the higher stress as expected.
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Figure 4: Stress-life plot of all data in this study along with data from the HCF program [10].

Testing of the LSG surface condition resulted in significantly longer lives at 675 MPa
when compared to both the electropolished data and the HCF program data. All 5 specimens had
longer lives than any of the electropolished samples. This could be attributed to the compressive
residual stress on the specimen surface due to the LSG machining. Despite the compressive
residual stresses at the surface, all of the LSG specimens nucleated cracks on the surface.

The same data from Fig. 4 was also plotted on the lognormal probability plot in Fig. 5.
Here, the x-axis is the life in cycles on a log scale and the y-axis is the cumulative probability of
failure. The LSG and electropolished specimen data, but not the HCF program data were
plotted. The filled symbols are the electropolished (E-p) data and the open symbols are the LSG
data. The electropolished data at both 675 MPa and 635 MPa have a larger than typical data set.
The scatter in the data is especially visible on a probability plot and the electropolished data at
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675 MPa spans slightly more than an order of magnitude. The distribution of data appears to be
bimodal as has been observed in many other materials. These two modes in the failure
distribution can be referred to as short life and long life, however, the underlying physical modes
of failure causing this difference in behavior have not been identified. The distribution of data at
635 MPa has an even broader scatter than at 675 MPa despite having less data. Two few data
currently exist to identify two distinct modes of behavior at 635 MPa. Likewise for the LSG
data, there is too few data to identify modes of behavior. What is very clear is that the LSG data
has a significantly longer mean life than the electropolished data as was observed on the S-N
diagram. The mean of log;o(Ny) is approximately 145,000 cycles and 1,000,000 cycles for the
electropolished and LSG surface treated specimens, respectively.
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Figure 5: Probability plot of failures at all stresses and surface conditions at R = 0.1. The arrows
indicate runout tests.

In addition to generating data for the S-N diagrams, several of the tests were also stopped
intermittently for surface replication as described in the Experimental Procedures section.
Example photographs from two replicas of the same specimen tested at 675 MPa and R = 0.1 at
45,000 cycles and 70,000 cycles are shown in Fig. 6. The total surface crack measurement is
referred to as length 2¢ and 9 measurements of crack lengths were taken for this specimen.
Surface crack length, c, is plotted versus cycles, N, in Fig. 7. The last crack size for this



specimen was measured at 80,000 cycles just prior to failure at 80,046 cycles. The crack begins
at a size 2¢ of approximately 68 um which is equivalent to 4 grains across. Once growth begins,
the growth rate increases rapidly with crack size as expected and the crack growth life from the
smallest identified crack is approximately 40,000 cycles for this specimen. A total of 7
electropolished fatigue tests have had replicas taken including 6 at 675 MPa and 1 at 635 MPa.
The number of crack measurements per test ranged from 1 to 9, but 4 was the most common.
The measured crack growth lives at 675 MPa ranged from 25,000 cycles to 40,000 cycles with
initial measured crack sizes between 33 um and 47 um. A more useful way to evaluate this
crack growth data is on a dc/dN versus AK plot, where dc/dN is the rate of surface crack growth
and AK is the stress intensity factor range at the surface breaking point of the crack.
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Figure 6: Example micrographs from specimen replicas showing thé crack at a) 45,000 cycles
and b) 70,000 cycles.
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Figure 7: Plot of surface crack length versus cycles data measured from replicas.

Naturally initiated crack growth data, dc/dN versus AK, are plotted on Fig. 8 and are
indicated by triangles. The growth data were reduced from the ¢ versus N curves using the
methods described in the previous section for 5 specimens tested at 675 MPa and R =0.1. The
other 2 specimens tested with replicas did not have enough crack measurements to produce
dc/dN data. Several sets of previously published data are also plotted in Fig. 8 all from the same
Ti-6Al-4V material used in the HCF program. These include long crack data tested at two
frequencies by Boyce and Ritchie [15], small crack data from the HCF program [10], and small
crack data from [16]. Here we will define small cracks as small with respect to the
microstructure (grain size) in both the depth and surface length. Short cracks are defined as
larger than small cracks and sampling many grains on the surface, but physically short relative to
linear elastic fracture mechanics assumptions and other influences such as closure. Also plotted
in Fig. 8 is a simple power law fit that follows the long crack data at high values of AK and
captures the mean behavior of the small crack data from [10,16] at low values of AK. The data
from the current study seems to fall along the transition regions from small crack to short crack
and long crack data. Although the smallest crack sizes measured were near the definition of

microstructurally small, the minimum applied AK (5. 6 MPay/m) is well above the observed long

crack AK threshold, therefore, no significant increases in dc/dN over the long crack data were
observed. This data tends to follow the R = 0.1 small crack fit line which deviates from the long

crack data below AK values of 10 MPayvm.
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Figure 8: Fatigue crack growth rate data from this study and prior work.

Fractography has been conducted to identify the location and nature of the crack
nucleation. Fig. 9 is an example of fractographs from an electropolished specimen with a surface
crack initiation. River-marks can be seen in Fig. 9a that identify the source of the crack
nucleation on the surface of the specimen. The higher magnification image in Fig. 9b shows the
origin of the dominant crack that caused failure. The flat facet identified by the arrow is an alpha
grain which is a typical crack initiation site in Ti-6Al-4V. All fractographs on both the
electropolished and LSG samples have shown only surface initiated cracks that all appear to start
at alpha grains. The initiation sites for the two surface conditions are indistinguishable. It was
hypothesized that the compressive residual stress gradient at the surface of the LSG specimens
might result in some specimens with subsurface crack initiation sites, but that has not yet been
observed. Typical sizes of the alpha grain initiation sites range from 5 to 15 pum into the depth of
the material.
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Figure 9: Example fractographs of an electropolished specimen with a surface crack initiation
showing a) the fatigue crack growth topology and b) the location of the alpha grain initiation site.

A deterministic fracture mechanics life prediction was performed using the small crack
growth data fit described above. The crack shape was assumed to remain a/Cc = 1 throughout the
crack growth life. The initial crack for the analysis was assumed to be an alpha grain initiation at
the surface of the specimen. Typical sizes of alpha grain facets from fractography were used.
No residual stress was included in the fracture mechanics calculations, so only the SRA and
electropolished tests were modeled. Fig. 10 is an S-N plot of the electropolished specimen data
along with crack growth predictions for stresses between 575 MPa and 725 MPa with R = 0.1,
and for initial crack sizes of 5, 10, and 15 pum. The analysis shows that the lives of the low life
specimens can be primarily attributed to crack growth from an alpha grain with very little crack
nucleation time. This is true at both 675 MPa and 635 MPa, however, the higher stress tends to
have a higher proportion low life specimens than at the lower stress. This is very consistent with
what has been observed in other materials [8-9]. With higher stress the failures become more
dominated by crack growth, and the scatter in log;o(Ny) is smaller.

12
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Figure 10: Specimen fracture mechanics life predictions using short crack growth lives with the
initial crack size shown.

As this work and other researchers have shown, two modes of behavior often become
apparent when significant numbers of specimens are tested under the same loading conditions.
One mode is low failure life specimens which are crack growth dominant. The other mode is
long lives which are crack nucleation dominant. As discussed earlier, this has been observed in
many aerospace materials and can often be linked to distinct crack nucleation mechanisms. In
the case of Ti-6Al1-4V, cracks do not nucleate from material anomalies such as particles or pores
so a physical mechanism that could explain two or more modes of behavior has not been
identified. A possible explanation for the low life failure mechanism that is being investigated
includes a favorable orientation of grains surrounding the initiating alpha grain. A lack of known
mechanisms that controls the modes of behavior, however, should not stop the analyst from
using this information when modeling the material behavior. It is important to consider bimodal
or multimodal material behavior in the design of a component, particularly if the design criterion
is the probability of failure. There is great potential to model the low probability tail of the
component failure distribution incorrectly if an incorrect assumption about the material fatigue
failure distribution is used.
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5. Conclusions

Several conclusions can be made from the results of this study. It is shown that
significant numbers of repeat fatigue tests at a single loading condition can result in distributions
of fatigue lives that are not normal or lognormal. Instead, they often appear to be bimodal
distributions which would likely never be observed under a typical materials test program due to
too few tests at a given loading condition. This shows that the lower tail of the material fatigue
failure distributions that are typically used for design of fatigue critical aerospace components
may be incorrectly predicted without adequate data to model the distribution. Crack initiation
sites in this alpha+beta processed Ti-6Al-4V were exclusively surface located alpha grains. The
low life mode of the bimodal distributions was shown to be effectively modeled by crack growth
with no nucleation time using small crack growth data. This may be an effective approach for
estimating the limiting fatigue behavior of Ti-6Al-4Vwith greater confidence without testing
large numbers of specimens at each load condition.
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